A new type of solar pumped laser system that has features of high-efficiency and low cost due to the use of a Fresnel lens and a Cr codoped Nd:YAG ceramic laser medium is reported in this paper. Slope efficiencies of 7 to 9% have been achieved. The laser output of about 80 W was achieved with the combination of a 4-m 2 Fresnel lens and solar light chamber as a secondary power concentrator. The maximum output from a unit area of the Fresnel lens was 20 W/m 2 , which is 2.8 times larger than the previous results with a mirror type concentrator.
Introduction
It is an urgent problem to develop new energy sources that substitute fossil fuels. Even though it is far from fully utilized, ultimate renewable energy source is the solar energy. Since sunlight is available only in the clear daytime, it cannot be the alternative to thermal power stations unless effective and large power storage systems are available.
We proposed a fossil-fuel-free energy cycle where energy is produced by a chemical reaction of magnesium (Mg) with water. 1) Magnesium oxide (MgO), reaction residue is reduced to Mg by solar pumped laser as an energy reservoir. In this cycle, Hydrogen and heat energy from the reaction of Mg with water can be used for engines and fuel cells. There is the huge Mg resource of 1.8 x 10 15 tons in the ocean. A high temperature of 4000 K is needed for MgO deoxidization. This condition can easily be obtained by laser radiation that is focused into small spot. 1 kW laser is sufficient for Mg refinement with 1 mm laser spot. Thus 300-laser beam (0.5-1 kW each) array scans over MgO surface would produce a hundred kg of Mg a day. This would be a fundamental section of laser Mg reduction system and 100-10,000 sections are used to build a power station. Therefore, the key issue is to develop a 1-kW laser device that would be a unit component making up the arrayed laser system.
The development of solar pumped laser with high efficiency is one of the crucial factors to realize fossil-fuel-free energy cycle. A number of researches on solar pumped laser have been conducted since the advent of laser itself. C.G Young reported it for the first time in 1965. They demonstrated lasing of 1.3 W continuous wave (cw) by parabolic mirror for collecting sunlight to rod type laser media. 2) Since then, several authors reported the demonstration of solar pumped lasers.
3,4) V. Krupkin et al. achieved the laser output of about 500 W with the Nd:YAG (yttrium aluminum garnet) and 660-m 2 collecting mirror system. 5) However, the maximum output from a unit area of collecting mirror system was less than 0.1 W/ m 2 , which is very low. All the previous studies employed the mirror systems since they collect sunlight over the entire range of its spectrum with no dispersion effects. Furthermore, the preceding works mainly focused on obtaining higher laser output power.
The improvement of conversion efficiency by adding Cr
3+
ions as a codopant in Nd:YAG has been pointed out for a long time since it provides broad absorption bands suitable for capturing the sunlight spectrum. 6) However, the production of such media had not been effective with the conventional technology such as crystal growth. Ikesue et al. produced such a highly-doped Cr:Nd:YAG ceramic laser by ceramic technology.
7)
Saiki et al. reported high-efficiency lasing (38% efficient) by using an advanced ceramic, Cr:Nd:YAG ceramic laser medium (Konoshima Chemical Co.), and a metal halide lamp as an artificial solar-light pumping source. However, the laser output was only 300 mW level. 8, 9) A new type of solar pumped laser system that has features of high-efficiency and low cost with the use of a Fresnel lens and a Cr:Nd:YAG ceramic laser medium has been demonstrated by the authors. Fresnel lens and the solar cavity as a secondary power concentrator, which was designed for a further laser output improvement. Figure 1 shows the new type of solar pumped laser system. The sunlight has a limit on its intensity. On the other hand, the laser oscillation require relatively high pumping intensity. Therefore, an efficient solar collector is necessary to realize lasing from solar power. A Fresnel lens collector, which has features of low cost and lightweight, was selected. The lens is designed to collect wavelengths in visible range (400 to 900 nm). Additional light chamber with a cone shape is placed at the focal point of the Fresnel lens. The laser head and Fresnel lens are installed on a single frame that tracks sun automatically. Once the alignment of the laser cavity is achieved, a stable laser power is obtained while the system tracks the sun. The sun tracker has a rotating stand inclined to the elevation angle, which follows the annual movement of the sun, while the rotation follows daily motion. This system is one of the prototypes in a future solar pumped laser power plant. Figure 2 shows the schematic view of experimental setup. Direct solar radiation is concentrated with the Fresnel lens (2.0 x 2.0 m 2 , f = 2.0 m), which is the first power concentrator.
Test system for laser from natural sunlight

Experimental setup
Next, the pumping chamber, which is secondary power concentrator, is put on the focal point of the Fresnel lens. The pumping chamber is a cylinder made of Aluminum. The inner wall of this chamber is a cone type mirror. We used a Cr: Nd:YAG ceramic laser medium of 9 mm in diameter and 100 mm in length. One end of the laser rod was coated by high reflection coating and the other end was antireflection coated. This laser rod is water-cooled. And output coupling mirror is placed outside of the chamber. The laser power from laser cavity is detected by power meter.
Experimental results
Focused sunlight power distribution
We measured the spatial distribution of focused sunlight power at the focal point of the Fresnel lens. The measurement was done by using a thermopile type power meter with water-cooled aperture of 3 mm in diameter. As a result, the full width at half maximum (FWHM) of sunlight distribution was 20.4 mm (Figure 3 ). This result is well consistent with the image size of sun, 20 mm calculated from the focal length of the Fresnel lens.
Assessment of pumping chamber performance
The pumping chamber located at the focal point of the Fresnel lens is very important because it is a secondary power concentrator for additional concentration of focused light into the laser medium. The inner wall of the pumping chamber is a cone type mirror made of aluminum. The performance of two types of pumping chambers was compared. "Chamber A" has a larger input aperture and cone angle compared to "chamber B". Both chambers have large enough apertures for sunlight distribution (Fig.3) . The performance of the pumping chamber was evaluated by pumping power distribution along the laser rod axis. Figure 4 shows the experimental setup for the measurements. In the pumping chambers, the laser rod was replaced by a fused silica glass tube. The power distribution in the fused silica glass tube is measured by scanning a thermocouple device inside the tube. Figure 5 shows the results of the power distribution on laser rod axis in the pumping chamber. Both distributions have two peaks at the input and at around 50-100 mm from the input aperture. The first peak corresponds to the direct focus from the Fresnel lens, and the second peak is due to power re-focusing by the chamber mirror. Furthermore, the width of the peak obtained with "chamber A" is wider than that of "chamber B". The energy distribution in the pumping chamber can be altered with the angle of inner wall mirror. The total power of "chamber A" is about 20 % higher than "chamber B". It is shown that the "chamber A" has superior performance in terms of total power, peak power as well as the width of the peak. Figure 6 shows the dependency of laser output on incident sunlight power and the slope efficiency. Incident sunlight is measured simultaneously with lasing. A set of masks is used to cover the designated areas of the Fresnel lens to alter the input solar power (pumping power). The reflectivity of the laser output coupling mirror is 95 %. In the case of "chamber B", the maximum output laser power is 44 W when incident solar power to the pumping chamber is 1265 W. In the case of "chamber A", on the other hand, the maximum output laser power is 79 W, when incident solar power to the pumping chamber is 1860 W. The conversion efficiency from sunlight to laser is 4.3 %. The slope efficiencies are 6 % and 7 to 9 % for "chamber B" and "chamber A", respectively. For a practical application such as solar power plant, the laser output from the unit surface area of collector is important as the performance of the sunlight laser. 20 W/m 2 has been achieved that is 2.8 times larger than the previous maximum value of 6.7 W/m 2 by Landoa et al. 4) Maximum output laser power is 3 times higher than the previous work, 10) however, the improvement of laser output efficiency in terms of collector area remains 7 %. This is due to the scattering spots formed on the lens surface during the manufacturing process that results in only 40 % transmission through the lens. After improving the manufacturing process, a new lens shows 37% higher transmission, it is now 55 %. Thus the collector area efficiency is expected to increase by 1.8 times. Moreover, by using the optimum shape of a laser medium for increasing pumping power, the laser output power is going to be higher.
High efficiency of solar laser
Conclusions
We have developed a new type of solar pumped laser system that has features of high-efficiency and low cost due to the use of a Fresnel lens and a Cr codoped Nd:YAG ceramic laser medium. The Fresnel lens designed for the solar power concentration shows the excellent focusing property of focused sunlight spot diameter of 20.4 mm (FWHM). The performance of the pumping chamber was examined in terms of the power distribution on the laser rod axis by scanning the thermocouple. The maximum output laser power is 79 W when incident solar power to pumping chamber is 1860 W. The conversion efficiency from sunlight to laser is 4.3 %. The present slope efficiency was from 7 % to 9 %. 20 W/m 2 of "specific aerial laser performance" has been recorded which is 2.8 times larger than the previous maximum value of 6.7 W/m 2 by a mirror collector. 
